Experimental work was undertaken to investigate the process by which pool-boiling critical heat flux (CHF) occurs using an IR camera to measure the local temperature and heat transfer coefficients on a heated silicon surface. The wetted area fraction (WF), the contact line length density (CLD), the frequency between dryout events, the lifetime of the dry patches, the speed of the advancing and receding contact lines, the dry patch size distribution on the surface, and the heat transfer from the liquid-covered areas were measured throughout the boiling curve. Quantitative analysis of this data at high heat flux and transition through CHF revealed that the boiling curve can simply be obtained by weighting the heat flux from the liquid-covered areas by WF. CHF mechanisms proposed in the literature were evaluated against the observations.
Introduction
The high heat flux capability of phase change heat transfer results from heat removal by latent heat and increased singlephase heat transfer by local agitation of the fluid as bubbles depart the surface. CHF is the maximum heat flux at which nucleate boiling sustains high cooling efficiency. If the wall heat flux is increased above CHF, the surface eventually becomes covered with a vapor film, resulting in a large increase in wall temperature and subsequent system failure if the temperature exceeds the limits of the materials in the system. Systems therefore incorporate a safety margin by operating at heat fluxes much lower than CHF, even though this reduces their efficiency. This compromise between safety and efficiency is an important issue in thermal systems such as cooling of electronics, nuclear power plants, and X-ray sources. Techniques to increase the heat transfer from surfaces must be based on proper understanding of the mechanisms involved so the proper mechanisms can be exploited.
Numerous empirical correlations and models for CHF have been proposed over the years. The hydrodynamic instability model was originally proposed by Kutateladze [1] and refined by Zuber [2] . The surface is assumed to be covered by an array of escaping vapor jets whose spacing is given by the wavelength that amplifies most rapidly (k D ). The vapor/liquid interface was assumed to become Helmholtz unstable if the velocity difference between the vapor and the surrounding liquid exceeds a critical value, causing vapor to blanket the surface. This model has been quite popular as it gives reasonable predictions for large, upwardfacing heaters. However, it does not contain any information about the affinity of the liquid for the surface and cannot predict the effects of changing contact angle on CHF.
The macrolayer model proposed by Haramura and Katto [3] focuses on the behavior of the thin liquid layer (the macrolayer) trapped between the wall and a large, coalesced bubble that forms from the merger of vapor generated at numerous nucleation sites. The model assumes that CHF occurs if the hovering time of the coalesced bubble is longer than the time it takes for the macrolayer to evaporate. Although Gaertner and Westwater [4] and Kirby and Westwater [5] supplied only indirect evidence of the existence of such a liquid layer, Bang et al. [6] directly observed a liquid layer structure under a massive vapor clot. Ono and Sakashita [7] measured liquid-vapor structures close to the heating surface using a conductance probe, and Ahn and Kim [8] confirmed the existence of the macrolayer on their small heater. Like the hydrodynamic instability model, the drawback to this model is that it does not include any information regarding the fluid/wall interactions. For example, it has been experimentally demonstrated that CHF decreases to near zero on nonwetting surfaces, a trend that cannot be predicted using the macrolayer model. It has also been questioned since some researchers have found that the liquid layer could be continually replenished through a network of liquid channels underneath the coalesced bubble [9] [10] [11] [12] .
Guan et al. [13] developed a model based on the assumption that CHF occurs when the vapor momentum is sufficiently large to lift the macrolayer from the surface. They validated their model using various fluids and pressures and found agreement within about 20%.
Nishio and Tanaka [14] used a total internal reflection technique to directly observe the liquid distribution during boiling. The wetted area fraction decreased monotonically with wall superheat and no correlation with wall heat flux was observed. The contact line length, however, increased as the wall superheat increased, peaked at CHF, then decreased for temperatures above T CHF . It is unknown at this time whether heat is transferred at the contact line by the thin film heat transfer mechanisms suggested by Wayner et al. [15] or by an alternate mechanism such as transient conduction into the liquid as it moves over the surface as has been proposed for pool boiling by Demiray and Kim [16] .
Recent research has focused on surface wetting effects on CHF. The rewetting process may somehow be hindered at the contact line, resulting in CHF. Some researchers (e.g., Refs. [17] [18] [19] ) explained the process of dewetting through a contact line instability due to a vapor recoil force. CHF was assumed to occur when the unbalanced forces acting at the contact line result in spreading of vapor on the surface at the receding contact angle. Kandlikar [19] derived a CHF relation that included the effect of receding contact angle and orientation of the surface relative to the gravity vector. Janecek and Nikolayev [20] found a weak effect of the surface forces on the apparent contact angle, while Raj et al. [21] and Ajayev et al. [22] showed that the recoil force does not influence the apparent receding contact angle.
Several researchers attempted to explain the process of dewetting through liquid film dynamics, since it is believed that the behavior of the near-wall liquid layer plays a key role in boiling heat transfer and CHF. Theofanous et al. [9, 10] used a high-speed infrared camera to directly observe the liquid distribution and temperature during pool boiling on borosilicate glass and sapphire substrates coated with titanium film heaters. At high heat fluxes, both reversible and irreversible dry spots were observed. They found the growth of irreversible dry spots leads to burnout and suggested the process of dewetting in pool boiling is controlled by the microhydrodynamics of the near-wall liquid layer. Gong et al. [11, 12] investigated the evaporation of thin liquid films and observed the formation and expansion of dry spots below a critical thickness, and developed a model to predict the critical thickness of the film rupture based on lubrication theory. Rednikov and Colinet [23] showed numerically that the wetting film ruptures when the imposed superheating exceeds critical value. Chu et al. [24] used a total internal reflection technique to observe the liquid distribution during boiling on a sapphire substrate with an indium tin oxide (ITO) heater layer using a high-speed camera. They found that the formation of irreversible dry patches due to bubble coalescence leads to CHF.
Chung and No [25] presented a model where the overall heat flux from nucleate boiling to CHF can be represented as
In the above, q 00 NB is the "nucleate boiling heat flux" computed by multiplying the heat transferred at a single bubble site by the nucleation site density. U NB is the "nucleate boiling fraction," the ratio of the number of isolated bubbles contributing to pure nucleate boiling to the number of bubbles which may exist in a given area. Using correlations to obtain the coalescence rate and the dry area fraction, they were able to obtain curves that agreed well with experimental data.
Gerardi and Buongiorno [26, 27] studied the effect of waterbased nanofluid with diamond and silica particles on CHF using a high-speed IR camera on a sapphire substrate with ITO film heaters. They found the nanofluid causes a reduction in the frequency of the bubble departure and nucleation site density for a given wall superheat. An increase in the surface wettability due to the porous nanoparticle layer on the heater surface resulted in CHF enhancement.
Despite more than half a century of effort, the physical mechanism triggering CHF is not understood. One of reasons is the lack of reliable local information that can enable models to be tested. Although point measurements or area averaged measurements have been made, techniques whereby heat flux and wall temperature are measured over large areas with high resolution are generally lacking. Here, we obtain local wall heat transfer measurements as a surface transitions through CHF using an IR camera. FC-72 (C 6 F 14 , T sat ¼ 56 C at 1 atm) is boiled on a multilayer consisting of a silicon substrate coated with a thin thermal insulator. Variations of the heat transfer parameters (temperature, heat flux, CLD, WF, contact line speed, and the dry patch size) with wall superheat are obtained and analyzed. Quantitative analysis of these data at various heat fluxes and during transition through CHF revealed how the frequency between dryout events, the lifetime of dry patches, the speed of contact line, and the dry patch size distribution changed. The implications of these results on CHF mechanisms are discussed.
Experiments
2.1 Pool-Boiling Experimental Facility. A schematic diagram of the pool-boiling experimental facility is shown Fig. 1 . The main test chamber consisted of a stainless steel pressure vessel 250 mm high and 180 mm diameter. Two cartridge heaters with a maximum heating power of 200 W each were immersed in the liquid to control the working fluid temperature. Atmospheric pressure was maintained by venting the vessel to ambient. Polycarbonate windows, 10-mm thick and a maximum allowable temperature of 150 C, were placed in the front and both sides walls of the chamber to visualize the boiling phenomenon on the test heater. A reflux condenser cooled by water circulating through a water bath (Lab Companion AAA52315) was located at the top of the pool to condense FC-72 vapor back into liquid. The condenser was also used during the degassing processes (discussed below) to minimize loss of the test liquid. Type K thermocouples were placed within the test chamber to measure the working fluid temperature and the chamber wall temperature.
During the experiment and degassing, the bulk fluid temperature was maintained at saturated conditions using feedback control based on a thermocouple immersed in the bulk liquid. The test sample was located at the bottom of the pool. An IR camera (Electrophysics Silver 660M midwavelength infrared camera up to 383 frames per second at resolution of 320 Â 256 pixels) was used to view the bottom of the test sample and measure the energy emitted by the test heater. The test sample was heated by a computer controlled dc power supply (ODA EX200-18).
The data acquisition system consisted of two computers. One computer was equipped with LABVIEW software to control the heat flux in the experimental rig and monitor the chamber conditions Transactions of the ASME as well as the heater power. The second computer recorded the data from the IR camera.
Test
Heater. The test heater (Fig. 2) consisted of a doped silicon substrate (44 mm Â 20 mm Â 0.5 mm) onto which polyimide tape (38 lm thick) made of a polyimide layer and an acrylic adhesive was attached. The polyimide tape was necessary to measure the heat transfer coefficient distributions of the expected magnitude since the high thermal conductivity of the silicon substrate would simply smear out any temperature variations through substrate conduction, reducing the magnitude of the temperature differences and decreasing the spatial resolution. A 6 lm thick, opaque black paint (Nazdar 8852) was silkscreened on top of the polyimide tape and was the surface exposed to the fluid. The high carbon black content of the paint ensured it was opaque, and its thinness and high thermal conductivity relative to the polyimide tape allowed its temperature to be assumed to be uniform in the vertical direction.
The silicon substrate was heated by joule heating. Gold (250 nm thick) along with a thin titanium layer was deposited onto the silicon to serve as electrodes. The heating element electrical resistance was measured using a four point probe to be 70 X. The contact resistance between the electrodes and the silicon was found to be negligible. The heater assembly was attached to a polyether ether ketone holder using Loctite 1CTM epoxy to seal around the silicon. The completed test heater was mounted to the bottom of test chamber.
Since the "most dangerous wavelength" k D ¼ 8.2 mm for FC-72 at saturated conditions and the heater dimensions were 44 mm Â 20 mm, the heat transfer was similar to that from an infinitely large heater. The heater was surrounded by clear acrylic vertical sidewalls 15 mm high to eliminate side effects that would have resulted in increased heat transfer due to entrainment of liquid.
Test Procedure, Data Reduction, and Uncertainty
Analysis. Prior to all data acquisition, the test fluid was heated to the saturation temperature using the cartridge heater and boiled vigorously for at least two hours to remove dissolved gases. The measured temperature and pressure readings within the test chamber were checked against the FC-72 saturation curve to ensure all noncondensables were removed. All data were obtained with the test surface in the horizontal, upward-facing position.
IR thermometry is an established technology that can be used to measure temperatures when optical access to the surface is available in the wavelengths of interest, and has been used to measure heat transfer distributions during pool-boiling heat transfer. Theofanous et al. [9, 10] used a high-speed IR camera to observe dry spots, the wetted area and the temperature of dry spots temperature in pool boiling. Golobic et al. [28] and Schweizer and Stephan [29] used an IR camera to measure the heat transfer distribution under single nucleating bubbles as they grew on a thin metal foils.
In this work, a midwave IR camera (3.0 lm-5.1 lm) was used to measure the temperature variations within the multilayer heater using a technique developed by Kim et al. [30] . The energy measured by the IR camera consisted of emission from the black surface, emission from each of the layers, and reflection from the surroundings within the spectral bandwidth of the IR camera. To obtain the temperature and heat transfer coefficient at the fluid--wall interface, the temperature gradient was needed. The temperature profiles within the multilayer were not known initially, but could be obtained by solving the coupled conduction and radiation equations numerically. The effect of an assumed initial temperature profile within the multilayer decayed within 0.1 s, after which the true temperature profile was known. The heat flux from the wall to the fluid could be obtained from the derivative of the instantaneous temperature profile within the polyimide at the black paint/liquid interface.
The above experimental setup requires knowledge of the reflectivity and absorptivity of the silicon and polyimide tape used to calculate temperature and heat flux on the surface. These were determined experimentally using a blackbody consisting of a large cylindrical cavity at a controlled temperature using film heater, similar to the blackbody described by Kim et al. [30] . The measured optical properties of the silicon and polyimide tape are summarized on Table 1 . It should be noted that the absorption coefficient of the silicon is much smaller than that of the polyimide tape.
The sensitivity of the calculated heat flux to the input variables was determined by perturbing each experimental parameter a small amount one at a time and running the data reduction procedure. Many of the assumed physical constants introduced errors that were several orders of magnitude smaller than the important sources of error and were therefore omitted. The parameters that resulted in the highest uncertainty along with their values are tabulated in Table 2 . The overall uncertainty, calculated as the root-mean-square (RMS) of each individual uncertainty, increased with heat flux. The uncertainties in the heat flux measurements at various heat fluxes are summarized in Table 3 , and varied from 12.5% at 2 W/cm 2 to 7.1% at 16 W/cm 2 . To validate the experimental technique, the apparatus shown in Fig. 3 was used. A copper block was placed onto the painted surface and heated to temperatures between C by a thin film heater. The temperature of the copper block was measured by four K-type thermocouples. The black coating temperature was computed using the data reduction procedure and compared with the copper block temperature. Good agreement within 1 C was seen between the two values. As a second check on the heat flux, the area averaged heat flux during nucleate boiling obtained by averaging the heat flux at each pixel using the IR camera was compared with the dc power computed using the current and voltage across the silicon wafer. The results are summarized in Table 4 . The maximum error was within 6%. The reader is referred to Kim et al. [30] for additional validation of the experimental technique.
3 Experimental Results and Discussion 3.1 Area Averaged Heat Flux and Temperature. All data were obtained with the working fluid at saturated conditions (P ¼ 1 atm). The local heat flux data from each frame obtained using the IR camera was spatially averaged, then time averaged over the 766 frames of data (2 s) to obtain an area averaged heat flux. The determination of average wall temperature, however, is dependent on the heater construction. The polyimide layer in Fig. 2 was necessary so variations in heat transfer coefficient resulted in measureable temperature variations. The low thermal conductivity of the polyimide tape amplifies the small temperature variations that would have occurred on the silicon substrate in the absence of the tape. When the tape is attached, the silicon temperature rises until the heat conducted through the tape matches the heat removed by the fluid. For a given heat flux, the magnitude of the rise in silicon temperature depends on the tape thickness, but the time-averaged temperature at the polyimide-liquid interface remains constant. When a portion of the heater is covered by a vapor patch, however, the polyimide-vapor interface temperature increases and can approach the underlying silicon substrate temperature since the heat transfer into the vapor is very small. The average wall temperature computed by averaging the temperature over the entire polyimide-liquid/vapor interface would then depend on the thickness of the polyimide tape used. In the limit of zero tape thickness, the wall temperature in the vapor covered regions would be similar to the temperatures in the liquid-covered regions due to the high thermal conductivity of the silicon substrate. We therefore use wall temperatures averaged over the liquid-covered areas only and exclude the vapor covered areas when computing the average wall temperature.
The boiling curve (Fig. 4) was obtained by increasing the power to the heater in small increments and monitoring the wall temperature. If the heat flux was increased to a value just above CHF, the wall temperature would rise continually until the power to the heater was cut off since less heat was removed from the wetted area than provided by joule heating of the substrate. The observed CHF value of 15.7 W/cm 2 agrees well with the prediction of Zuber [2] .
Local Surface Temperature and Heat
Flux. An example of the IR camera data is shown on Fig. 5 . The lighter regions correspond to the areas of higher temperature and energy. The local temperature and heat flux at the solid/liquid interface during pooling boiling were deduced at each pixel from these data. In a small number of cases, the computed heat flux in some of the dryout regions yielded slightly negative values due to uncertainties in the measured temperatures and the data reduction process. The number of pixels for which this occurred was less 2%, and the pixels with negative heat flux contributed less than 0.2% of the overall heat flux. These pixels were therefore zeroed out. The heat transfer and temperature variations at a typical point on the surface at CHF (15.7 W/cm 2 ) before the surface dries out are shown on Fig. 6 . The temperature and heat flux fluctuate as bubbles are generated, the surface dries out locally, then is rewet by liquid. Starting around t ¼ 5.9 s, though, the temperature increases and the heat transfer decreases to near zero as dryout occurs and the surface transitions through CHF.
Low wall temperatures ($77 C) correspond to high heat fluxes ($17 W/cm 2 ), indicating the presence of liquid on the surface. As the liquid dries out, the local temperature increases and the heat flux decreases. When liquid quenches the surface after it has been dry (advancing contact line), a spike in the wall heat transfer is almost always observed. No corresponding spike in heat transfer is seen, however, as the surface dries out (receding contact line). This is due to the measurement technique used in this study. When a dry patch occurs on the surface, transient conduction within the polyimide tape causes the surface temperature to rapidly increase to the temperature of the underlying silicon substrate, which needs to be at a high enough temperature (almost 120 C in Fig. 6 ) to conduct the required heat flux through the low thermal conductivity tape. During the rewetting process, a high heat local heat flux occurs as liquid quenches this high temperature wall.
Time-resolved temperature and heat flux distributions at two successive frames are shown in Fig. 7 , and illustrate the good spatial and temporal resolution that can be attained using the IR technique. The thermal footprint on the wall as bubbles grew and departed could be clearly tracked. Dry patches (high temperature and low heat flux) and wetted areas (low temperature and high heat flux) were clearly discernable in these images. Advancing contact lines were clearly associated with high heat transfer levels. The evolution of temperature and heat flux as the surface dries out is shown on Fig. 8 2 . The heat transfer at the advancing contact line was higher than in the surrounding liquid-covered areas, as suggested by the data in Fig. 6 . Small "spots" of high heat flux (or low wall temperature) could also be observed in the liquidcovered regions. These spots are consistent with individually nucleating bubbles within the liquid that grow and depart the surface within a few milliseconds (e.g., Refs. [16, 28, [31] [32] [33] . For heat fluxes below CHF, it was observed that any local dry patches that appeared on the heating surface eventually disappeared as the surface was rewet. If the heat flux was increased just a little over CHF, however, a dry patch formed on the surface that continually grew and eventually covered the entire surface, consistent with the observations of Theofanous et al. [9, 10] and Chu et al. [24] . What triggers the growth of the dry regions is crucial to the understanding of CHF and is the focus of this work.
Determination of Apparent Contact Line Location and
Movement. The microregion is defined as the region in which the adhesion forces between fluid molecules and wall molecules, and the effect of the curvature of the vapor-liquid interface on the local thermodynamic equilibrium are important (Fig. 9) . Since the microregion is much narrower than the size of a pixel in the image (110 lm), only the average temperature/heat flux in the vicinity of the contact line can be measured. The location of the pixels through which the contact line passes was obtained by computing the magnitude of the local gradient in heat flux as follows:
where q 00 is heat flux, and dx and dy are the pixel size. At the contact line, the values of the local gradient are orders of magnitude larger than within the liquid and vapor regions due to the sharp change in heat removal capability between the liquid and vapor. An example of the contact line location determined using this method is shown in Fig. 10 .
Once the contact line location was determined, the remaining pixels could be assigned to be within the wetted area or dry patch based on the magnitude of the local heat flux. CLD (the contact line length per unit area (mm/mm 2 )), WF (the fraction of the surface covered by liquid), and the distribution of individual dry patch sizes (w, the total area within a given dry patch size range (mm 2 ) per frame) were then computed. By tracking the movement of the contact line between successive frames, advancing areas and receding areas could be found as illustrated in Fig. 11 . If the contact line moved over an area that was previously dry (e.g., region III), the area enclosed by the two lines was defined to be an "advancing area." Conversely, if the contact line moved over an area that was previous wet (e.g., region IV), the area enclosed by the two lines was defined to be a "receding area." Partitioning of the heat flux according to region could then be performed once the location of these regions was determined. The heat transfer from the advancing areas and the receding areas include the heat transfer at the contact line (which is perhaps a few microns wide and is not resolved by the IR data) as well as some additional heat transfer from a small portion of the adjacent liquid-covered area.
Estimates of the speed of the advancing (receding) contact lines were obtained in two ways. In the first method, the normal to the contact line was determined at each location along the line, and the distance along the normal direction to its intersection with the contact line in the next frame was found as shown in Fig. 12(a) . There were cases where the normal to the first contact line did not intersect the contact line in the following frame-these data points were ignored. The average of this distance along the segment of the contact line bounding an advancing (receding) area divided by the time step was taken to be the average advancing (receding) speed. The second method determined the average speed by dividing the advancing (receding) area by the average of the two contact line lengths enclosing the advancing (receding) area as shown in Fig. 12(b) . The two methods yielded quite similar values and trends in the data as will be illustrated below. Fig. 13(a) . Only one second of data is shown for heat fluxes lower than 15.7 W/cm 2 . WF decreases slowly with heat flux until 15.7 W/cm 2 , after which it decreases rapidly as the surface dries out. CLD increases with heat flux as bubbles nucleate and merge with increasing frequency. During the transition through CHF, CLD continues to increase, peaks at about 1.05 mm/mm 2 , then decreases as the amount of liquid on the surface decreases. The relation between the fluctuations in WF, CLD, wall temperature, and heat flux are shown in Fig. 13(b) for a representative heat flux of 15.0 W/cm 2 . The correlation between these variables can be quantified through the Pearson product-moment coefficient [34] 
where r and E are the standard deviation and the mean of the variables, respectively. The correlation yields þ1 for a perfect, positive linear relationship and À1 for a perfect, negative linear relationship. The correlation between the variables discussed above is shown on Table 5 . The surface temperature and heat flux are strongly dependent on the wetted area. The correlation with CLD is not as strong but still significant. The heat transfer can be partitioned according to the advancing area, receding area, and liquid-covered area. The small heat transfer though the vapor was neglected. The heat flux in these regions were multiplied by their area of influence to obtain their contribution to the overall heat transfer (Fig. 14) . The liquid area was by far the largest contributor (over 85%) even for heat fluxes just below CHF where it attained the smallest steady state value, indicating models that assume boiling is dominated by heat transfer at the contact line is not valid for our test conditions. The contact line heat transfer contribution is actually much smaller than shown since the pixel size of the camera (110 lm) encompasses the contact line as well as the neighboring vapor and liquid.
The heat transfer through the liquid area can be further partitioned into the heat transfer associated with nucleation (the small spots of high heat flux/low wall temperature described in Sec. 3.2) and a lower heat transfer that is consistent with single phase convection. Although the heat transfer due to nucleation events were quite high, they contributed less than 3% of the total liquid heat transfer at CHF due to their limited area of influence and short lifetime. This suggests that the liquid heat transfer occurred primarily through agitation of single phase liquid by bubble growth, coalescence, and departure processes. The dominance of the liquid heat transfer in boiling was found by weighting the liquid heat flux by WF and comparing to the boiling curve as shown in Fig. 15 . The heat transfer through the liquid increases roughly linearly with wall superheat while WF drops for superheats above 17 C. Since heat transfer to the fluid must occur through the liquid-covered areas (assuming the heat transfer through the vapor is negligible), the boiling curve can simply be computed as the heat transfer through the liquid area. 
Setting dq 00 =dT ¼ 0 at CHF yields
indicating CHF occurs when the fractional decrease in WF is larger than the fractional increase in heat flux through the wetted area as the wall superheat increases. This is similar to Chung and No's [25] model (Eq. (1)) if q 00 NB in their model is taken to represent the heat transfer from the liquid-covered area q 00 liq . This result indicates that WF is a key parameter that determines CHF. We now turn to the reasons why the dry patch size increases with heat flux and/or wall superheat.
Contact Line Speed and Dry Patch
Size. The speed of the advancing and receding contact line calculated using the normal distance method and the area-based method are shown in Fig.  16(a) . The two methods yield surprisingly similar values and indicate similar trends in the data. The advancing contact line speeds are slightly higher than the receding contact line speed before CHF. The speed of the advancing and receding contact lines remain remarkably constant below about 15 W/cm 2 , and both decrease slightly at higher heat fluxes. The small difference between advancing and receding contact line speeds disappears as CHF is approached. The distribution in contact line speed at a representative heat flux (15.7 W/cm 2 ) is shown in Fig. 16(b) . The speeds are all clustered around a single speed (about 48 mm/s in the case shown). The contact line speed also does not vary significantly with dry patch size (Fig. 16(c) ). The advancing and receding speeds are similar for smaller sizes, but the receding velocity becomes slightly larger as the dry patch size increases. The contact line length and the area associated with advancing and receding regions increases with heat flux as CHF is approached (Figs. 17(a) and 17(b)).
The instantaneous temperature, heat flux, WF, and CLD was observed to fluctuate as the dry patches grow, shrink, and migrate over the heater surface (Fig. 13) . A dryout function that indicates whether or not a particular point was covered with liquid or vapor is shown on Fig. 18(a) for a point at the center of the heater. The frequency of liquid-vapor transition events (0-1 transitions) increases with heat flux, as does the duration of the dry time events. The frequency between dryout events (frequency between successive 0-1 transitions) was computed for each of the approximately 15,000 pixels in the 766 frames (taken over 2 s) obtained at each heat flux and averaged. As seen on Fig. 18(b) , the frequency of the dryout events increases from 0.85 Hz at 11 W/cm 2 to 15.2 Hz at 15.5 W/cm 2 . The average duration of the dry time increases with heat flux as well, but much more slowly due to more frequent nucleation and larger contact line movement over the surface. As the wall heats up in the post CHF regime (Fig.  18(c) ), the duration of the dry time increases. When the duration of vapor is less than 0.1 s between 1.5 s and 2.0 s, the maximum temperature reached is less than 110 C, while a maximum temperature of over 120 C is reached when the duration of vapor is over 0.2 s. The increase in maximum temperature is due to sensible heating of the polyimide/silicon substrate by the Ohmic heat generation within the silicon substrate that is not removed by the liquid.
The dry patch size distribution can also be characterized by determining the total area associated with a particular dry patch Fig. 16 The speed of advancing and receding contact line determined using the two methods size. The area of each dry patch was measured in each of the N f frames and binned according to size in 5 mm 2 increments. The total area in each bin was then divided by N f to obtain the average area associated with a particular dry patch size in any given frame. The data shown in Fig. 19 indicate that the area associated with any particular dry patch size increases with heat flux, indicting they become more frequent. A dramatic increase in the dry patch size also occurs, indicating the formation of larger dry patches by the coalescence of neighboring bubbles.
4 CHF Process 4.1 Description of CHF Process. Based on the observations described above, the process by which CHF occurs can be formulated as follows:
(a) An increase in wall heat flux results in a larger nucleation site density and increased coalescence of bubbles, leading to an increase in the size of the dry patches that form on the surface (Fig. 19) . (b) The speed of the advancing contact line is fairly constant, and even decreases slightly with temperature (Fig. 16) . (c) The increasing dry patch size coupled with a constant or decreasing contact line speed results in longer dry patches lifetimes, so WF decreases. For example, case a in Fig. 20 has longer dry patch lifetime than case b for a given total dry patch area if the contact line speed is similar, so case a has smaller time-averaged WF (Fig. 20) . (d) The boiling curve can simply be computed by weighting the liquid-area heat flux on WF (Eq. (4) and Fig. 15 ). (e) Once the heat flux increases above CHF, less heat is removed from the wetted area than is provided by joule heating of the substrate, leading to increasingly higher temperatures, higher nucleation site densities, larger coalescence between bubbles, and further decreases in WF, resulting in surface dryout.
4.2 Discussion. The current observations indicate CHF is strongly related to WF which in turn depends on the lifetime and size of the dry patches, and is largely consistent with the work of Theofanous et al. [9, 10] and Chu et al. [24] on CHF with water. Theofanous et al. [9, 10] found "reversible dry spots" below CHF which eventually rewet, and "irreversible dry spots" which never rewet due to coalescence of dry spots leading to CHF and heater failure as the dry spot grew to cover the entire heater. They observed heater failure when WF dropped below 90%. This is somewhat higher than observed in this study ($82%) and may be due to our use of a highly wetting liquid or a more conductive silicon substrate (k Si $ 120 W/m-K). Recently, Kim et al. [38] measured the wetted fraction using their DEPIcT technique and also observed irreversible dry spots at CHF using water at a variety of subcoolings. The wetted fraction at saturation reached as low as $50% at CHF, which was much lower than the current results. The wetted fraction at CHF increased with subcooling.
Chu et al. [24] used an internal reflection technique to directly observe the liquid distribution during boiling on a sapphire substrate with an ITO layer using a high-speed camera. They also observed irreversible dry spots at CHF. A large dry spot would be formed by the lateral merger of coalescing bubbles into a single massive bubble. The rewetting of this dry spot was interrupted by new dry spots that formed as bubbles nucleated within the wetting region and merged with the massive bubble. This "residual dry patch" continually expanded as it merged with newly generated bubbles, eventually covering the entire surface.
The CHF process is also consistent with the observed effects of wettability and surface roughness on CHF. Coursey and Kim [35] and Liaw and Dhir [36] studied boiling of water on copper surfaces oxidized to varying degrees and found that CHF increases as the static contact angle decreased, indicating CHF occurs due to insufficient spreading of liquid on the surface and not due to a hydrodynamically limited supply of liquid to the surface. Chu et al. [37] also found an enhancement in CHF of $160% on the microstructured surfaces due to an increase in the wettability. Increased wetting results in higher CHF values since the dry patch size is smaller and the dry patch lifetimes are shorter. Increasing roughness can result in higher CHF if the wetting speed is increased through an increase in the capillary forces [37] and/or if the higher nucleation site density leads to many small dry patches that rewet quickly [26] . Both flow boiling and spray cooling have higher CHF than pool boiling since dry patches are quickly quenched due to incoming liquid resulting in increased WF. Subcooling of the bulk liquid results in smaller bubbles, increased WF, and higher CHF.
The present observations do not indicate any evidence of a regular array of escaping vapor jets consistent with the hydrodynamic instability models [1, 2] , or a trapped liquid layer punctuated by vapor jets (a macrolayer) feeding a massive overhead bubble [3] [4] [5] [6] [7] [8] . Nishio and Tanaka [14] observed that WF decreased monotonically with wall superheat and was uncorrelated with the heat flux, but that CLD and the heat flux peaked at T CHF . We observed that CLD continued to increase as the surface temperature increased above T CHF , and only decreased as WF dropped to small values, indicating CHF is not caused by limitations on the heat flux at the contact line. The contribution of the heat transfer in the vicinity of the contact line to the overall heat transfer was found to be minimal under our test conditions (Fig. 14) .
Some researchers have proposed a CHF mechanism based on the vapor recoil force [17] [18] [19] , and suggested CHF occurs when the momentum of the evaporating liquid at the contact line overcomes the sum of surface tension and gravity force. This model has been used to account for the effects of liquid contact angle and orientation (Kandlikar model [19] ). The speed of the advancing contact angle would be expected to become smaller than that of the receding contact angle as the heat flux increases due to the larger recoil force if this model were correct. However, both advancing and receding speeds were similar at heat fluxes significantly lower than CHF, suggesting the vapor recoil force is small. On the other hand, the reduction in the difference between advancing and receding contact line speeds as CHF is approached ( Fig. 16(a) ) suggests the tipping of a force balance toward a receding contact line dominated behavior at higher heat fluxes that is consistent with the vapor recoil model.
Conclusions
Heat flux and temperature distributions on the heated surface were measured during pool boiling of FC-72 using an IR camera. Quantitative analysis of this data at high heat flux and transition through CHF revealed the characteristics of WF, CLD, frequency between dryout events, speed of advancing and receding contact lines, and dry patch lifetimes and size distribution on the surface. The main contributions of this work are summarized below.
(a) The heat transfer through the liquid area was measured and found to increase fairly linearly with wall superheat. The heat transfer through the liquid area was much larger than the heat transfer associated with the contact line and accounted for at least 85% of the overall heat transfer at CHF. Furthermore, the liquid-area heat transfer predominantly occurred through agitation and mixing of singlephase liquid by bubble growth, coalescence, and departure processes. (b) The boiling curve can be computed as the heat flux through the liquid area weighted on WF. CHF occurs when the dry patch size increases faster than the increase in heat transfer through the liquid area. This suggests that higher CHF can be attained by either increasing WF (e.g., by decreasing the contact angle, modifying the surface to increase capillary forces, or increasing subcooling) or increasing the heat transfer through the liquid area (e.g., by increasing the surface roughness). (c) The decrease in WF with superheat was due to an increase in the average dry patch size and nucleation site density. (d) The wall heat transfer signature was inconsistent with the hydrodynamic instability model as well as the macrolayer model. No evidence was observed for regularly spaced vapor columns or a trapped liquid containing vapor jets that fed an overhead hovering bubble. 
